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The alpha particle effect on the excitation of toroidal Alfbkn eigenmodes (TAE) was investigated in deuterium-tritium (d-t) plasmas in the Tokamak Fusion Test Reactor (TFTR). RF power was used to position the plasma near the instability threshold, and the alpha particle effed was i n f e r r e d &om the reduction of RF power threshold for TAE instability in d-t plasmas. Initial calculationS indicate that the alpha particles contribute 10-30% of the total drive in a d-t plasma with 3 M W of peak fusion power.
First Evidence of Collective Alpha Particle Effect on TAE Modes i n the " R D-T Experiment
Collective phenomena associated with the energetic alpha particles in a d-t fusion reactor have been anticipated in the past two decades. Alft6n type instabilities1 are expected to occur when the pressure gradient of the fast alpha particles exceeds the instability threshold. It is important to avoid these instabilities in a fusion reactor because they can eject the alpha particles before they thermalize in the plasma, thereby causing localized heating and damage of the first wall. Simulation experiments, performed recently with the energetic ions produced by neutral beam injection24 and ion cyclotron range of fi-equency (ICRF) heating,5*6 show that toroidal Alfir6n eigenmodes' (TAFJ can indeed be excited. The d-t plasmas in TFTR8 provide for the first time the environment suitable for the investigation of the interaction between the alpha particles and these instabilities in reactor-relevant parameters. Up to 10.7 MW of fusion power has been produced in d-t plasmas in TFTR, with no evidence of excitation of TAE instabilities. This is because the alpha particle pressure gradient is still below the instability threshold. In this paper, we present the results of an experiment using the incremental drive technique to study the interaction between the fast alpha particles and the TAE modes.
ICRF heating of the minority hydrogen ions produces energetic protons which can assist the excitation of the TAE instability. Let 3, and 8, represent the growth rate of the instability due to the fast protons and alpha particles respectively. The total growth rate driven by the protons and the alpha particles is the s u m of the two, i.e., 8 = 3, + ?fd . By increasing the ICRF power, we can increase 8, so that 8 exceeds the damping rate and the mode becomes unstable.
Let Pdt and Pdd denote the RF power threshold for TAE instabilities in d-t and d-d plasmas, respectively , and 8 d is the damping rate. At the instability threshold,
Subtraction of the above equations yields: . This means that in the regime where IfH increases with RF power, the alpha particle effect is reflected from the fact that the RF power threshold is lower in d-t plasmas. This was observed in the TFTR experiment. Here we present these analysed data as the first experimental evidence of collective alpha particle effect in a d-t plasma.
The experiment was performed i n TFTR with the following plasma parameters: plasma current Ip=1.8 MA, major radius R=2.62 m, minor radius a=0.96 m, toroidal magnetic field B~=4.23 tesla on the magnetic axis at k 2 . 8 3 m, Since the frequency spectrum changes with RF power, it is difficult to make a quantitative comparison on the TAE amplitude. More peaks appear in the spectrum at higher RF power. We integrate over these peaks by choosing the instrumental frequency bandwidth broader than the frequency separation between the peaks, and we use this signal as a measure of the TAE amplitude. Its suggesting the possibility of alpha particle effect on this instability. The density oscillations in the plasma interior associated with the TAE modes can be detected by a three-channel microwave reflectometer9 tuned at R=295 cm, 310 cm and 320 cm. The frequency spectra of the reflectometer data are shown in Fig.3 . Maximum signal appears in the middle channel tuned at R=310 cm. Phase measurements by the toroidal coil array indicates that the-dominant mode has a toroidal mode number of n=6. The density oscillation is roughly estimated to be Sn/n -. The fast ion loss rate at a probe 45' below the outer 4 midplane increased by about a factor of two during the TAE activity. This probe,lo under these conditions, detects only H-minority tail ion loss.
In the data analysis, we first assess 2 f~ by calculating the distribution of the RF power absorption among various charged species in the plasma. Most of the RF' power (-70%) is absorbed by the minority hydrogen ions with a fundamental cyclotron resonance passing through the plasma core. Absorption by deuterium ions and alpha particles is weaker because they see the second harmonic cyclotron resonance. Tritium ions have resonance at the third harmonic frequency and the absorption is negligibly small. A few percent of RF' power can go into the electrons via direct electron Landan damping of the fast wave, transit-time magnetic pumping, and mode conversion to ion Bernstein waves which are eventually damped by elctron Landau damping. Impurity ions at various charged states can also absorb RF power. However, we do not expect a T,(O)-9.5 keV, Ti(0)-25 keV 1, the minority hydrogen ions are expected to have similar initial distribution functions and their initial contribution to the TAE growth rate would be very similar until the TAE mode amplitude becomes large enough to modify the spatial distribution of the fast particles. In addition to these calculations, active charge-exchange technique14 was also used to measure the hydrogen minority temperature in the plasma core. A lithium pellet was injected into the RF heated plasma 200 ms after the neutral beams were turned off so that the pellet could reach the plasma core. The data depicted in Fig.4 show that the hydrogen ion temperatures are very similar in d The ion Landau damping rate can be estimated from local theory as follows:
where vi is the thermal velocity of the fast ions assumed to have a Maxwellian distribution function. In d-t shots, tritium is introduced into the plasma through neutral beam injection at energies similar to the deuterium neutral beams in d-d shots. Since tritons are heavier than deuterons, they are injected at a slower velocity and give a smaller ion Landau damping rate per ion. However, TRANSP analysis shows that the pressure from the deuterium beam ions is lower than that for the tritium beams primarily because of the lighter deuteron mass and the shorter slowing down time due to electron drag. Application of Eq.(2) to d-t shot #76181 with plasma parameters at R=310 cm obtained from the TRANSP code yields 3,,, = -1.5~104 radhec. For the d-d comparison shot #76179, we obtain 3,,, = -1.6~104 rad/sec which is very close to that of the d-t shot.
The preceeding local analysis indicates that the reduced RF power threshold for TAE instabilities in d-t plasmas in TFTR is probably due to the alpha particles amplitude which increases with the initial growth rate. Specifically, if, for example, wave-particle trapping17 is the saturation mechanism, the final amplitude is proportional to the square of the initial growth rate. Therefore, the data in Fig.2b can be used to estimate the alpha particle contribution to the instability drive. At 4.0 MW of RF power, the TAE mode amplitude in d-t plasmas is approximately a factor of seven lower than that at 5.2 MW of RF power at which the incremental drive AZH -10-ZW. The TAE amplitude in deuterium plasmas at 5.2 MW of RF power is also approximately a factor of seven lower than that in d-t plasmas at the same RF' power, indicating that the alpha particle contribution is about 10-20, This number is three times higher than the NOVA-K result, but is within the accuracy of these estimates. The major uncertainty is in the distribution function for the hydrogen minority ions which determines 3,.
In summary, we have observed the first evidence of collective alpha particle effect in d-t plasmas in TFTR. This is inferred from the reduction of RF power threshold for TAE instability in d-t plasmas. At 3 MW of peak ksion power, the alpha particles contribute approximately 10-30% of the total drive. This result indicates that TAE instability is not a serious threat in the d t experiments on TFTR.
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